TnSO96 was constructed by inserting an apramycin resistance gene, aac(3)IV, into IS493 from Streptomyces lividans. By using conventional and pulsed-field gel electrophoresis, Tn5O96 and related transposons were shown to insert into many different locations in the Streptomyces griseofuscus chromosome and in two linear plasmids. On insertion into the target site CANTg, 3 bp appeared to be duplicated. Independent transpositions were obtained by delivery of the transposon from a temperature-sensitive plasmid. The frequency of auxotrophy among cultures containing transpositions was about 0.2%.
Transposable elements have been valuable tools in the genetic analysis and molecular manipulation of bacteria (for reviews, see references 1 and 14) . The development of transposable elements for Streptomyces spp. should facilitate the genetic analysis and exploitation of these versatile secondary metabolite producers. The transposition characteristics of a few Streptomyces transposable elements have been studied in detail. IS110 (4, 5) and the 2.6-kb minicircle (17, 18) , both isolated from Streptomyces coelicolor A3(2), appear to have strong target preferences. Tn4556, a class II transposable element from the neomycin-producing Streptomycesfradiae, has been shown to transpose into many sites (6, 20, 26) , though probably not entirely randomly (30) .
IS493 is a 1.6-kb class I insertion sequence containing inverted repeats at its ends and two open reading frames (28) . It is present in Streptomyces lividans in three copies. IS493 was identified by its ability to transpose into the lambda repressor gene, c1857, controlling the expression of an apramycin resistance (Amr) gene, aac(3)IV (13) (FMC Bioproducts) in TSE at 50°C. The mixture was quickly poured into a 100-mm petri plate (prewarmed to 50°C) to form a thin layer of embedded cells. The plates were cooled to 4°C for 1 h to solidify the agarose. The embedded cells were then overlaid with 10 ml of TSE plus 1 mg of lysozyme per ml and incubated at 30°C for 2 h, washed with TSE (two times), overlaid with 1% lauryl sarcosine-0.5 M EDTA-10 mM Tris (pH 9.5)-i mg of proteinase K per ml (ESP buffer) and incubated at 50°C for 24 h, washed with TE (pH 8.0) (22) , overlaid with 0.1 mM phenylmethylsulfonyl fluoride (in TE) and incubated at 25°C for 16 h, washed with TE, overlaid with TE and RNase at 10 ,ug/ml and incubated at 25°C for 1 h, and washed with TE. Embedded DNA overlaid with TE can be stored for at least 6 months at 4°C.
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Pulsed-field gel electrophoresis was performed by using a CHEF-DR II system (dynamically regulated clamped homogeneous electric field; BioRad). Separation of DNA was performed in 1.0% FastLane agarose (FMC Bioproducts) in 0.1 x TBE (22) Isolation and sequencing of transposon insertion sites. Southern blots containing genomic digests (BglII for the strain containing fll or XmaI for the strains containing Q2, M3, Q5, and O16) were hybridized with Tn5O96 DNA. The regions of the genomic digests which hybridized were isolated from a second gel. These DNA fragments were purified, ligated into BamHI-or XmaI-digested pUC19, and transformed into E. coli. Amr cells, which contained the transposon and the adjacent genomic DNA, were selected.
DNA sequencing of the insertion sites was performed on both strands by the method of Sanger et al. (23) by using TaqTrack sequencing systems (Promega) on doublestranded DNA templates (8) . The outward primers for end I and end II of the transposons were 5'TGAGCTTCGAGCGC AAC and 5'CTCCGTTGCTCGACCAC, respectively. Primers for generation of the reverse-strand sequence were designed by complementing the sequence determined with the outward primers. The 3' ends of the 17-bp reverse-strand primers annealed to the DNA 60 to 100 bp from the insertion site of the transposon.
Lankacidin production and auxotrophy. S. griseofuscus strains were patched onto B agar, and the production of the antibiotic lankacidin was assayed after 3 days of growth at 29°C. A 5-mm plug of mycelia was placed on a plate of TY agar overlaid with 3 ml of TY soft agar inoculated with 25 ,ul of an overnight culture of Micrococcus luteus. Lankacidin production was indicated by a zone of inhibition of growth of the M. luteus.
Auxotrophic mutants were identified by a lack of growth on CDA agar and were further characterized for nutritional requirements.
RESULTS
Construction of IS493 derivatives. Transposons Tn5O96 and TnSO97 were constructed by inserting an Amr gene, aac(3)IV, in either orientation into the StyI site between two open reading frames in the insertion element IS493 (Fig. 2) . TnSO98 was constructed by inserting the tylJ and tyIF genes between the EcoRl and BamHI sites on Tn5O96 (Fig. 2) .
Construction of vectors. Several transposon delivery vectors were constructed (Fig. 1A) . Plasmids pCZA156 and pCZA157 were pUC19-based vectors that cannot replicate in Streptomyces spp. Plasmid pCZA163, also a pUC19 derivative, contained linkers flanking the transposon. The bifunctional plasmid pCZA159, a derivative of pHJL401, was unstable in Streptomyces spp. in the absence of selection. The bifunctional plasmids pCZA168 and pCZA172, derivatives of pGM160, were temperature sensitive for replication in Streptomyces spp. above 34°C.
Transposition of IS493 derivatives. IS493 derivatives transposed from several different delivery vectors into many locations in the S. griseofuscus chromosome (Fig. 3) same insertion differed from experiment to experiment, suggesting that these cultures represented siblings rather than independent insertions into a hot spot.
Tn5O96 and Tn5O98 also transposed from the temperaturesensitive plasmids pCZA168 and pCZA172, respectively. As with plasmid pCZA159, cultures containing the same insertion were evident when transpositions were isolated by using cured spores.
The generation of Amr sectors of growth at 39°C was used to isolate a large number of independent transposition events. The formation of sectors from the colonies appeared dependent on the degree of colony crowding and the age of the colonies. Sectors were most abundant on plates containing 20 to 100 colonies that were grown 2 to 3 days at 29°C before being shifted to 39°C. After 10 to 14 days at 39°C, usually one or two sectors per colony were evident (Fig. 4) Fig. 5 ) and Southern hybridizations of both BamHI and SspI genomic digests ( Fig. 3 and 6D) .
Analysis of insertions by pulsed-field gel electrophoresis. Pulsed-field gel electrophoresis analysis indicated that the transposons inserted into locations throughout the S. griseofuscus chromosome and into two linear plasmids. Electrophoresis of uncut genomic DNA and Southern hybridization with TnS096 DNA showed that Tn5096 had inserted into plasmids in strains containing insertions Q19, M18, 20, and Q121 ( Fig. 6A and B) . SspI digests of the genomic DNA of the strains containing the transpositions gave at least 27 bands, including the linear plasmids which were not cut by SspI (Fig. 6C and D) . Tabulation of the TnSO96 insertions indicated that 15 randomly picked transpositions (f1 though Q16 [excluding Q6, a sibling of (13] ) occurred in 10 of 27 bands. Five additional insertions, (17 through 121, were in strains picked because they had an identifiable phenotype. When all 20 transpositions were considered, 12 bands contained insertions (Table 2) . Southern hybridization to partial SspI digests showed the same hybridizing pattern for the insertions in a particular band, ruling out the possibility that some insertions were in different fragments of a doublet. The total genome size was estimated to be 6,400 to 7,500 kb, depending on the nature of the more intense bands.
Linear plasmids. S. griseofuscus contained plasmids migrating at 200 and 65 kb, which we have named pSGF2 and pSGF3, respectively. The plasmid migrating at 200 kb has been observed previously (10) . The plasmids appeared to be linear on the basis of their pulse-dependent migration in gels on which pulses of 25 and 60 s and 10 min were used. Circular plasmids exhibit pulse-independent migration (11). In addition, the sum of the sizes of hybridizing fragments in BamHI genomic digests equaled approximately 65 kb when the DNA was probed with pSGF3 and approximately 90 kb when the DNA was probed with pSGF2. However, some of the latter bands appeared to be doublets or triplets, and these were not added to the total. Insertions in pSGF2 ((118) and pSGF3 (Q19) were observed. Insertions in plasmids pCZA190 and pCZA191 (120 and 121), which were uncharacterized in vivo derivatives of pSGF2, were also observed.
Analysis of target sites. Host DNA flanking insertions of IS493 (28), Tn5096, and TnS097 was sequenced. Three base pairs of host DNA probably was duplicated on insertion (Fig. 5A) . End I of the transposable elements contained a terminal G. End II probably contained a terminal C (see Discussion). On the basis of six insertions, the target site consensus sequence was CANTg (Fig. SB) .
The DNA for 25 bp on either side of the insertion sites ranged from 50 to 72% G+C. Two of the insertions into the S. griseofuscus genome (Q1 and (2) appeared to be proteincoding regions on the basis of the distribution of G+C content in positions 1, 2, and 3 of putative codons. (Streptomyces genes have an average of 70, 50, and 91% G+C in positions 1, 2, and 3 of the codons, respectively [2, 25] .)
Lankacidin production, auxotrophy, and sporulation. Approximately 130 sectors of growth containing transpositions of TnS096 were generated by using pCZA168. Three lankacidin-nonproducing strains (Lan-) and one auxotroph (Phe-) were found. The three Lan-strains, PS24, PS25, and PS26, showed changes in plasmid profiles. PS24, containing the (19 insertion, lacked autonomous pSGF2 (although some pSGF2 sequences remained in the genome) and con- of the chromosome and into two linear plasmids. The transpositions may have some insertion site bias, since the SspI bands G and K each appeared to have three hits, and a small band of 42 kb, V, had two hits. The insertions in fragment G and V were at different sites. However, the £3 and £16 insertions were at the same site in fragment K, although the £13 insertion was different. Overall, for 25 strains containing transpositions ( Table 1 ) that were compared by using conventional or pulsed-field gel electrophoresis, insertions into 24 different locations were observed.
DNA sequencing showed that the target for insertion was CANTg, in which C, A, and T were invariant and the g was observed in four of six cases. The central position had C in three of six cases but had A in the identical £3 and £16 insertions. Thus, the tendency for C in the central position may be a reflection of the overall high G+C content in streptomycete DNA rather than a target preference. Other features that may be significant for target specificity were purines at the position 2 bp upstream and pyrimidines at the position 3 bp downstream from the CANTg target site. With only 3 bases apparently strongly preferred at the target site, IS493 derivatives should be able to insert into many locations in streptomycete genomes.
DNA sequence analysis of the host DNA flanking the insertion sites suggested a possible preference for regions containing lower G+C content than the average 70% observed in streptomycetes. The apparent hot spot defined by £3 and £16 may be a reflection of the 50% G+C content in these regions. However, TnSO96 inserted into a 72% G+C region in £2 and a 64% G+C region in £1, which both appeared to be in protein-coding regions typical for streptomycetes. Thus, the utility of IS493-derived transposons is clearly not limited to AT-rich regions of DNA outside of structural genes.
Analysis of the host DNA and transposable element junctions suggests that IS493-type elements duplicated the internal 3 bp of the 5-bp target sequence on insertion. From the insertions sequenced (Fig. 5) , it is apparent that the G at the terminus of end I is part of the transposon. A 4-bp duplication cannot be ruled out, but this would occur only if the C at the terminus of end II were not part of the element. It is not apparent from these insertions if the C is part of the transposon or duplicated host DNA, but it is likely that the C is part of the inverted repeat of the transposon. A 1-or 2-bp duplication also cannot be ruled out.
Pulsed-field gel electrophoresis of uncut or SspI-digested genomic DNA illustrated the genomic instability common for Streptomyces spp. (3, 16) . Strains containing the insertions £111 through 121 were all progeny of a single S. griseofuscus cell transformed with pCZA168. These strains were deleted for 180 kb of DNA from fragment A compared with the wild type and, except for PS18, showed no apparent differences in colony morphology and were prototrophic. PS18 containing £12 lost an additional approximately 574 kb, because band D and band P were also missing. This strain was sporulation deficient. It is not known if the deletion(s) in this strain is associated with the transposition event which occurred in band Q.
Three lankacidin-nonproducing strains, PS24, PS25, and PS26, were found among the 130 transposon-containing strains tested. Deletions in pSGF2 were a feature common to these three strains, suggesting that this plasmid may play some role in the biosynthesis of lankacidin. It is not known if the transpositions in these strains led to the plasmid instability or if the insertions themselves resulted in loss of lankacidin production.
Auxotrophy occurred at a frequency of about 0.2% among cultures containing transpositions. For the five auxotrophs identified, four phenotypes were observed (Phe-, Pro-, Thi-, and MetB-). The MetB-auxotrophies occurred in two independent isolates and appeared to be the result of transpositions into the same site. Thus, the gene involved may contain a favored site of insertion that occurred in 2 of ca. 2,600 transpositions.
In summary, our data suggest that IS493-based transposons insert into many locations with relatively low insertion site specificity and thus may be useful for many applications in S. griseofuscus. We have recently shown that TnSO96 transposes in Streptomyces thermotolerans, Streptomyces ambofaciens, S. coelicolor, and the tylosin-producing S. fradiae (28a), suggesting that it may have broad utility in streptomycetes.
